Infants' object location and identity processing in spatial scenes: an ERP study by Hoogmoed, A.H. van et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/125976
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
Infants’ object location and identity processing in spatial
scenes: an ERP study
Anne H. van Hoogmoed1,2, Danielle van den Brink1,2 & Gabriele Janzen1,2
1Radboud University Nijmegen, Behavioural Science Institute, PO Box 9104, Nijmegen, 6500 HE, The Netherlands
2Radboud University Nijmegen, Donders Institute for Brain, Cognition, and Behaviour, PO Box 9101, Nijmegen, 6500 HB, The Netherlands
Keywords
ERP, infants, object processing, spatial
cognition
Correspondence
Anne H. van Hoogmoed, Department of
Psychology, University of Arizona, 1503
E. University Blvd, Tucson, AZ 85721.
Tel: 520-626-0244; Fax: 520-626-0827;
E-mail: annevanhoogmoed@email.arizona.edu
Funding Information
This research was supported by the
Netherlands Organization for Scientific
Research (Vidi-Grant 452-07-015 to G. J.)
and by the European Commission (ERC
Starting Independent Researcher Grant
204643 to G. J.).
Received: 17 January 2013; Revised: 4
September 2013; Accepted: 9 September
2013
Brain and Behavior 2013; 3(6): 729–737
doi: 10.1002/brb3.184
Abstract
Background: Fast detection and identification of objects in an environment is
important for using objects as landmarks during navigation. While adults rap-
idly process objects within an environment and use landmarks during naviga-
tion, infants do not routinely use distal landmarks below the age of 18 months.
In the current event-related potential (ERP) study we adopted an oddball para-
digm to examine whether infants are capable of processing objects in environ-
ments, which is a prerequisite for using objects as landmarks. Methods: We
measured the electrophysiological correlates and time courses related to the
processing of changes in object location, object identity, and a switch of two
objects. Results: Twelve-month-old infants showed an Nc (negative central)
effect reflecting increased attention likely caused by initial change detection
within 300 msec for all three manipulations. In addition, they showed con-
scious processing of an object change and a location change as evidenced by a
positive slow wave (PSW). Conclusion: This study is the first to show that
infants are capable of rapidly detecting changes in single objects when these are
presented in an environment, but lack conscious detection of a switch. These
results indicate that 12-month-old infants as yet lack the ability to rapidly bind
the identity and location of multiple objects within an environment.
Introduction
The ability to recognize objects and link them to specific
locations is crucial in everyday life, from remembering
where you left your keys, to finding your way home based
on unique objects in the environment. Adults have been
shown to make use of distinct objects in the environment,
referred to as landmarks, in navigation (for an overview,
see Baumann et al. 2010). However, under the age of
18 months children do not routinely make use of distal
landmarks to retrieve hidden objects (Newcombe et al.
1998; Balcomb et al. 2011). This may be due to difficul-
ties in individuating and identifying multiple objects in
an environment.
A large body of literature has investigated the develop-
ment of object individuation and identification in infants.
Many studies have shown that infants are able to individ-
uate objects based on location at an earlier age than based
on identity (Xu and Carey 1996; Newcombe et al. 1999;
Tremoulet et al. 2000; Wilcox and Schweinle 2002; Oakes
et al. 2006; Krøjgaard 2007). However, Mareschal and
Johnson (2003) showed that results can differ based on
the type of stimuli used. By the age of 9 months, infants
are able to individuate objects both on the basis of their
location as well as on the basis of their identity (Wilcox
and Schweinle 2002; Kaldy and Leslie 2003; Oakes et al.
2006). These processes appear to recruit different brain
regions, with location being processed in the dorsal
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stream and object being processed in the ventral stream
(Ungerleider and Mishkin 1982). To detect a switch of
two objects, information processed in the dorsal stream
needs to be integrated with information processed in the
ventral stream. This feature-location binding in working
memory is thought to depend on the hippocampus
(Kaldy and Sigala 2004; Postma et al. 2008).
Research has shown that under certain conditions,
young infants are already capable of binding feature
(color or shape) and location information. For instance,
Oakes et al. (2006, 2009) found that 7-month-old, but
not 6-month-old infants were able to individuate an
object based on its color and its specific location. Simi-
larly, Kaldy and Leslie (2003) showed that 9-month-old
infants can individuate objects based on shape and loca-
tion. However, even though in the latter study infants
were shown to be capable of keeping two objects in mem-
ory, neither Kaldy and Leslie, nor Oakes et al. could
dissociate between infants noticing a new object appear at
a single location previously occupied by another object
and noticing two previously presented objects switching
location. The latter finding would provide evidence that
children not only are able to keep more than one object
in memory, but moreover, that they are capable of bind-
ing the respective locations to these multiple objects.
Building on these findings, in this study we investigated
11- to 12-month-old infants’ ability to detect changes in
one object’s location, one object’s identity, and a location
switch of two objects within an environment. Measuring
electroencephalograms (EEG) enabled us to investigate
the time course and electrophysiological correlates
related to the detection of these three types of object-
location changes, and the potential functional differences
between the processing of a change in object location, a
change in object identity, and a switch in position of two
objects.
Previous event-related potential (ERP) research on
visual perception in infants has primarily focused on
face processing (De Haan and Nelson 1997, 1999; Key
et al. 2009; Peltola et al. 2009; Parise et al. 2010),
although some studies have also investigated object
processing (De Haan and Nelson 1999; Bauer et al.
2003). Most of these studies made use of an oddball
paradigm, and reported a larger fronto-central negativity
starting around 400–600 msec for the oddball stimuli as
compared to the standard stimuli in children from
4 weeks to 30 months old (Karrer and Monti 1995;
Goldman et al. 2004; Reynolds and Richards 2005;
Ackles and Cook 2007; Izard et al. 2008). This negative
shift is labeled the Nc (negative central) effect. Two
interpretations of the effect are prominent in the litera-
ture. On the one hand, many researchers interpret the
Nc effect as reflecting a difference in general attentional
response (Richards 2003; Ackles 2008; Richards et al.
2010). On the other hand, researchers interpret the effect
as reflecting conscious change detection (De Haan and
Nelson 1997, 1999; see De Haan 2007 for an overview).
The Nc component has not only been found in oddball
paradigms but also in paradigms in which familiar and
unfamiliar toys were presented with equal frequency (De
Haan and Nelson 1997, 1999). Moreover, while the
polarity of the Nc effect (deviant minus standard) is
often found to be negative, some researchers have also
found positive Nc effects (De Haan and Nelson 1997,
1999; Stets and Reid 2011). In several infant studies, the
Nc is followed by a positive slow wave (PSW) (Nelson
et al. 1998; Richards 2003), which is thought to reflect
updating of memory representations of partially encoded
stimuli (Nelson and Collins 1992; Hoehl et al. 2012).
This means that the representations of new stimuli are
strengthened to arrive at a better memory representa-
tion. Thus, these studies support the behavioral findings
that infants can detect changes in object identity already
from at least 9 months of age. However, to date, little is
known about the time course of processing object loca-
tion or the binding of object location and identity in
infants. Given the significance of wayfinding in our daily
life, information about changes in the environment
should be detected rapidly to guide ongoing behavior.
ERPs are well-suited to investigate the temporal charac-
teristics of processes involved in object change detection.
In the current ERP study, we investigated the time
course of several types of object-related changes within
an environment. Using an oddball paradigm we pre-
sented a standard stimulus in 70% of the trials, and the
three oddball stimuli in 10% of the trials each, while
measuring the infant’s EEG. The oddball stimuli
reflected a change in object location (location change), a
change in object identity (object change), or a switch in
position of two objects (switch) (Fig. 1A).
Previous ERP research investigating object processing
in an environment in adults revealed different ERP
responses to a change in object location as compared to
a change in object identity (Van Hoogmoed et al. 2012).
In a delayed match-to-sample task, a location change of
an object was detected earlier than a change in object
identity. Moreover, a location change elicited a posterior
N2 and a central P3 response, whereas a change in
object identity elicited an anterior N3 response. Addi-
tionally, a switch of two objects was detected even later
and only elicited a P3 response. These results support
the theory that different neural generators underlie the
detection of these changes (e.g. Ungerleider and Mishkin
1982).
In this study, our first objective was to investigate
whether infants are capable of fast detection of a
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location change, an object change, and a switch of two
objects in a visual scene. Secondly, we were interested in
the ERP signatures related to these changes. On the
basis of earlier findings in infant ERP studies, we
expected the object change to elicit an Nc effect (Karrer
and Monti 1995; Goldman et al. 2004; Reynolds and
Richards 2005; Ackles and Cook 2007; Izard et al.
2008). For the location change and switch, we expected
either the same Nc component reflecting increased
attention and general change detection, or different
components following results obtained in adults (Van
Hoogmoed et al. 2012). In addition, we hypothesized
that the Nc effect would be followed by a PSW effect in
either some or all of the oddball conditions, reflecting
the updating of the memory representations of the
objects in the scene (Nelson and Collins 1992; Hoehl
et al. 2012).
Method
Participants
In total, 39 healthy 11- to 12-month-old infants partici-
pated in the study. All infants were born full term
(between 38 and 42 weeks of gestation). Twenty-two
infants were excluded from the sample, because of unwill-
ingness to wear the EEG cap, or contributing too few
artifact-free trials due to fussiness or excessive movement.
The final sample consisted of 17 infants (nine girls, eight
boys) with a mean age of 358 days (SD = 5.75). Parents
gave their informed consent before the start of the study
and were told that participation could be terminated at
any time. This study was approved by the local
ethics committee (Commissie Mensgebonden Onderzoek
Arnhem-Nijmegen, The Netherlands).
Stimuli
The stimuli consisted of four computer-generated envi-
ronments created with Blender (www.blender.org), con-
sisting of a park, beach, square, or a snow landscape.
Each of these environments contained two moveable toy
objects, next to one stable object in the middle of the
scene and a path leading to this object (see Fig. 1A). For
each environment, four different scenes were created.
One of these scenes functioned as the standard stimulus,
with the three oddball scenes differing from this stan-
dard across three conditions. In the object change condi-
tion, one of the toy objects in the scene was replaced by
another toy object. In the location change condition,
one of the toy objects changed position. In the switch
condition, the two toy objects switched positions (see
Fig. S1 for all stimuli). The position of the toy objects
in the different conditions was counterbalanced across
environments.
Procedure
Infants were seated in a car seat in a sound-attenuated
booth of 2 9 2 m. They were placed 60–70 cm from the
computer monitor and one of the parents was seated
behind the child. Parents were asked to sit quietly and
not to interact with their child unless the child got upset.
The experiment consisted of eight blocks of 50 trials.
Each block started with a familiarization phase in which
the infants were familiarized with the three objects that
would appear in the block. For each object, a short movie
of 10 sec was shown in which the object was presented
on a white background and moved and rotated to enable
the infant to perceive the three-dimensionality of the
object. The three videos were presented in random order.
(A)
(B)
Figure 1. Experimental setup. (A) Exemplars for all conditions within
an environment. (B) Time course of the trials in the experiment.
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If the infant did not attend to the screen during the
presentation of the video, the video of this particular
object was shown again. After the familiarization phase,
the test trials were presented. An oddball paradigm was
used in which the standard scene was presented in 70%
of the trials, a location change in 10% of the trials, an
object change in 10% of the trials, and two objects
switching location in 10% of the trials. The stimuli were
presented for 1000 msec, followed by a black screen with
a random duration of 500–1000 msec (Fig. 1B). The
stimuli were pseudo randomized such that the block
always started with at least three standard stimuli and an
odd stimulus was always preceded by at least two stan-
dard stimuli. When the infant looked away from the
screen, one of 10 attention grabber movies was played.
These attention grabbers were short movies with sound to
attract the attention of the infant back to the screen. After
the attention grabber, the presentation of trials continued,
starting with three standard stimuli. The order of presen-
tation of blocks was counterbalanced across subjects. The
experiment ended after eight blocks, but was terminated
earlier if the infants showed signs of fussiness. The experi-
mental session was video-recorded and coded offline to
exclude trials in which the infant did not attend to the
screen.
EEG recordings and analysis
EEG data were recorded with a 32-electrode actiCAP (Brain
Products GmbH, Gilching, Germany) referenced to FCz.
Signals were passed through a BrainAmp DC amplifier
(Brain Products GmbH) and were recorded online with a
sampling rate of 500 Hz. Measured activity was filtered
online using a 200 Hz low-pass filter, and a time constant
of 10 sec. Impedance was kept below 20 kΩ, which is a
standard setting in active electrode recording (Kimura et al.
2010; Junge et al. 2012; Van Elk et al. 2012). After record-
ing, EEG signals were imported into the Matlab-based
Fieldtrip toolbox (Oostenveld et al. 2011). Signals were first
detrended and then filtered with a 0.5–30 Hz band-pass fil-
ter and re-referenced to the mean of the left and right mas-
toids (Karrer and Monti 1995; Richards 2003; Ackles and
Cook 2007; for a review see Hoehl and Wahl 2012). How-
ever, due to noisy data on one of these mastoids, for four
infants the signal was re-referenced to the right mastoid
only, and for two other infants the signal was re-referenced
to the left mastoid only. Based on the videos, parts of the
data in which the infant did not attend to the computer
screen were removed. EEG data were segmented per condi-
tion from 200 msec before to 1500 msec after the onset of
the stimulus. Segments were baseline corrected by subtract-
ing the mean amplitude in the 100 to 0 msec prestimulus
interval. Next, the segments were manually screened for
artifacts at all sensors except for those in the outer ring of
the cap. Segments were removed when the signal of more
than two electrodes exceeded the values of 150 and
150 lV, when the signal jumped more than 75 lV within
5 msec, and when the range of the signal was larger than
75 lV in the baseline period. Whenever a channel deviated
substantially from the other channels in more than eight
trials while the signal in other channels did not contain
artifacts in these trials, this channel was marked as a bad
channel. Bad channels were reconstructed based on a linear
combination of surrounding channels on the raw data (bad
channels were never neighboring channels). After channel
reconstruction, segmentation and following steps were
repeated on the complete dataset. Averages were based on
artifact-free trials. In the standard condition, a mean of 110
trials per subject were included. In the location change con-
dition 12.06 (SD 3.77) trials were included, in the object
change condition 12.35 (SD 3.76) trials were included and
in the switch condition 12.88 (SD 3.76) trials were
included, which was sufficient for computing a reliable
ERP, assessed by the visual evoked potential on the occipi-
tal Oz electrode (see Fig. S2). Based on previous research,
the Nc was analyzed in the 300–700 msec time window in a
fronto-central region of interest. Based on visual inspec-
tion, a later time window showing a PSW from 700 to
1200 msec was analyzed using the same region of interest.
Data were analyzed with repeated measures analysis of vari-
ances (ANOVAs) on the mean amplitude values with the
within-subject factors Condition (standard, location
change, object change, switch) and Electrode (Fz, FC1, FCz,
FC2, Cz). Greenhousse-Geisser correction for nonsphericity
(Greenhouse and Geisser 1959) was applied whenever
appropriate. Corrected P values are reported along with
original degrees of freedom.
Results
Figure 2A shows the waveforms at the five fronto-central
electrodes included in the analyses and Figure 2B shows
the topographical distribution of ERP effects across the
scalp. A fronto-central negativity (Nc component) was
elicited in all conditions between 300 and 700 msec,
which was larger in the standard condition than in the
other conditions. The waveforms in the oddball condi-
tions included ~12 trials, and the waveforms in the stan-
dard condition contained 110 trials. The reason for
including all trials in the standard condition was to estab-
lish a solid baseline with maximized signal-to-noise ratio
to compare the oddballs to. To show that the size of the
Nc component was not affected by the difference in num-
ber of trials included in the averages, Figure S3 shows the
standard including all trials as compared to the standard
including ~12 trials, an amount equal to what was used
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the oddball conditions. An ANOVA in the 300–700 msec
time window with the factors Condition and Electrode
confirmed the finding of the Nc effect. The results
showed a main effect of Condition (F (3,48) = 4.41,
P = 0.008), an effect of Electrode (F (4,64) = 6.95,
P < 0.001), and no interactions (F (12,192) = 1.05,
P = 0.390). Location change, object change, and switch
all elicited a smaller negativity than the standard, result-
ing in a positive effect relative to the standard in this
time window (Fig. 2B). A priori contrasts revealed that
this effect was significant in all conditions: location
change versus standard (F (1,16) = 9.77, P = 0.007),
object change versus standard (F (1,16) = 12.76,
P = 0.003), and switch versus standard (F (1,16) = 17.75,
P = 0.001). In the 700–1200 msec time window, a PSW
was elicited in the object change condition and location
change condition, while the switch condition did not
deviate from the standard in this latency window. The
ANOVA revealed no significant effects of Condition and
Electrode, and no interaction (all F < 1.44, n.s.). How-
ever, a priori contrasts showed that the object change
and location change differed significantly from the stan-
dard (F (1,16) = 4.92, P = 0.041, F (1,16) = 4.55,
P = 0.049 respectively), whereas the switch did not (F
(1,16) <1, n.s.).
Discussion
This study was designed to investigate the ability of
11- to 12-month-old infants to quickly detect object-loca-
tion changes in a visual scene. EEG was measured during
the presentation of an oddball paradigm with a standard
stimulus, a stimulus with a location change, a stimulus
with an object change, and a stimulus with a switch of two
objects to investigate the time course and ERP compo-
nents related to the processing of these changes. Results
show an Nc effect between 300 and 700 msec in all oddball
conditions, reflecting either increased attention or con-
scious change detection (see De Haan 2007 for an over-
view). Therefore, the Nc effect in all three deviant
conditions reveals that the infant brain is capable of
detecting a change causing increased attention within this
brief time frame. This is crucial evidence that the brain
processes are in place for infants to notice a change in the
objects’ configuration. However, the early detection of
these changes may not be conscious and may not include
knowledge on what specific change has taken place.
With regard to the observed Nc effect, the effect was
the result of a smaller Nc in the oddball conditions as
compared to the standard condition. In most infant ERP
studies the Nc effect is reversed, showing a larger Nc in
(A) (B)
Figure 2. Event-related potential (ERP) data. (A) Grand average waveforms at the five fronto-central electrodes for all conditions. (B) Scalp
distributions of ERP effects (change minus standard) in the 300–700 msec and 700–1200 msec time windows.
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oddball conditions as compared to the standard condition
(Reynolds and Richards 2005; Webb et al. 2005; Ackles
and Cook 2007; Ackles 2008). However, in line with our
results, De Haan and Nelson (1997, 1999) also report
conditions with larger Nc’s for familiar objects and faces
than for unfamiliar objects and faces. More recently, Stets
and Reid (2011) investigated the effect of the number of
trials included in the ERP on the amplitude of the Nc
effect. They found a negative effect when all trials
(between 11 and 37 trials) were included in the ERP, but
a positive effect when only seven trials per condition were
included. The polarity of the effect was thus affected by
the number of trials included in the analysis. This may
account for the reversed effect in our study, as the odd-
ball ERP waveforms included a minimum of seven with a
mean 11–13 trials. In this study we maximized the signal-
to-noise ratio in the standard condition by including
more trials in the EEG average (with a mean of 110
trials). However, Figure S3 clearly shows that the size
(and polarity) of the Nc effect was not affected by the
inclusion of more trials in the standard condition with
respect to the deviant conditions.
In addition to the Nc effect for all manipulations, a sub-
sequent PSW effect was found in the object change and
location change conditions as compared to the standard
condition. The effect was not found in the switch condition.
This result shows that in the latency range of 700–
1200 msec after the onset of the stimulus, a change in
location and a change in identity are consciously processed
as being different from the standard stimulus causing
updating of the memory representation for the new stimu-
lus, whereas no evidence was found for conscious process-
ing in the switch condition. Moreover, it suggests that the
objects in the scene are processed as separate objects in spe-
cific locations. The PSW effect differed for the object
change and location change as compared to the switch,
while the Nc indicated a similar initial response to the
object change, location change, and switch. If the stimuli
would have been processed as complete pictures, the similar
levels of attention during the Nc period would likely have
led to a similar PSW in all oddball conditions. However,
the PSW was only present when either a new object was
placed into the scene, or a new location was occupied indi-
cating that infants process the objects in the scene as sepa-
rate objects. The ability of infants to process objects on a
computer screen as separate objects opens up the possibility
to use computerized environments for studying more com-
plex use of objects, for example landmark use, in infants.
The elicitation of an identical Nc component in all
oddball conditions and a similar PSW in the location
change and identity change conditions differs from find-
ings in research on adult object processing showing differ-
ent ERP effects for location change, object change, and
switch (Van Hoogmoed et al. 2012). The differently
distributed N2 and N3 effects for location change versus
identity change in adults suggest that location and iden-
tity of objects are processed in distinct brain regions. This
finding is in line with the theory of Ungerleider and
Mishkin (1982) on the segregation of the dorsal and
ventral stream. Many studies have provided evidence for
a structural or functional segregation (Tanaka et al. 1991;
Haxby et al. 1994; Ungerleider and Haxby 1994; Duhamel
et al. 1997; Munk et al. 2002; Pihlajamaki et al. 2005;
Jackson et al. 2011), while some contradictory evidence
has also been found (Sereno and Maunsell 1998; Op de
Beeck and Vogels 2000; Jellema et al. 2004; Cichy et al.
2011). The dorsal/ventral distinction has been a key
element in theories on object processing in infancy (Leslie
et al. 1998; Mareschal et al. 1999; Schlesinger 2006) and
both streams have been shown to be developed already in
5- to 7-month-old infants (Wilcox et al. 2010). Our
results reveal similarly distributed Nc effects in response
to all manipulations and similar PSW effects to both
object and location change, which may imply immaturely
developed visual pathways in the infant brain, contradict-
ing the theories on infants’ object processing. However,
whereas in adults different scalp distributions suggest the
involvement of different underlying neural generators, a
similar distribution for all conditions in infants does not
necessarily imply a contribution of identical neural gener-
ators. In general, sources of EEG signals are difficult to
localize because of the inverse problem and difficulties in
estimating the conductivity of the skull (Wang and Ren
2013). In infants, source localization is even more diffi-
cult. The Nc was most prominent at the fronto-central
sensors, which coincides with the location of the anterior
fontanel. The fontanel is known to produce inhomogene-
ity in skull conductivity in infants, which causes EEG
signals to be distorted (Flemming et al. 2005; Roche-
Labarbe et al. 2008; Reynolds and Richards 2009).
Because the fronto-central sensors cover the part at which
the skull is not closed yet, it is likely that the activity is
strongest at this location, regardless of where the signal
was generated. Therefore, we cannot make any claims on
the underlying neural generators in infants.
Our findings are in line with previous research showing
that changes in object location and in object identity are
detected early in life (Wilcox and Schweinle 2002; Kaldy
and Leslie 2003, 2005; Oakes et al. 2006). The lack of
conscious detection of the switch could be due to the
maturation of the brain mechanisms involved in binding
object location to object identity. In adults, functional
magnetic resonance imaging (fMRI) studies have shown
that feature-location binding is dependent on the hippo-
campus (Piekema et al. 2006; Hannula and Ranganath
2008). The hippocampus is a brain structure subject to
734 ª 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
Infants’ Object Processing in Spatial Scenes A. H. van Hoogmoed et al.
protracted development throughout childhood (Gogtay
et al. 2006; Lavenex and Banta Lavenex 2013). Our find-
ing that object location and object identity, but not a
switch of two objects is consciously detected could be due
to the immaturity of the hippocampus. Alternatively, it is
also possible that 12-month-olds are capable of binding
multiple objects to their respective locations, but that they
were unable to do so in our experiment as a result of the
rapid presentation of the scenes. It is possible, that given
more time, infants would show evidence of feature-
binding of multiple objects within an environment.
Therefore, more research is needed to clarify the develop-
ment of the hippocampus and its role in object-location
binding in infants, as well as the effect of speeded presen-
tation on object-location binding processes in infants.
To conclude, this study is the first to cohesively show
that 12-month-old infants are capable of rapidly processing
changes in objects and changes in location when objects are
presented in a contextually rich environment. The use of
EEG enabled us to demonstrate that they show increased
attention based on initial change detection amazingly fast,
already within 300 msec. In addition, we have shown that
they consciously process object changes and location
changes further to strengthen their memory representa-
tions. Moreover, our results show that 12-month-old
infants do not yet show fully developed object processing or
scene memory, as they do not show conscious processing of
two objects switching positions which requires object-
location binding of multiple objects. While infants have
been shown to be able to bind object and location in other
studies (Kaldy and Leslie 2003), it seems that they are not
yet fully capable of quickly recognizing and remembering
more objects in specific locations. The ability to quickly
bind multiple objects to specific locations within an envi-
ronment is a prerequisite for using landmarks during navi-
gation. Therefore, young infants’ incapability to successfully
use landmarks (e.g. Newcombe et al. 1998; Balcomb et al.
2011) may be the result of an inability to process multiple
objects in an environment. Alternatively, the delay in land-
mark use as compared to object recognition could be
caused by the infants’ inability to retain object information
in memory over time (Richmond and Nelson 2007). Com-
puterized environments can be used to investigate whether
the prolonged development of memory for objects causes
the delay between the detection of object changes and the
use of landmarks in navigation or whether this delay is
related to the later onset of fast detection of binding objects
to specific locations within an environment.
Acknowledgments
This research was supported by the Netherlands Organi-
zation for Scientific Research (Vidi-Grant 452-07-015 to
G. J.) and by the European Commission (ERC Starting
Independent Researcher Grant 204643 to G. J.). We thank
Clemens Jansen and Nathalie Veenendaal for their assis-
tance with data collection, the staff of the Baby Research
Centre for assistance in the recruitment of the partici-
pants, and Jamie Edgin for her helpful comments on an
earlier version of this manuscript.
Conflict of Interest
None declared.
References
Ackles, P. K. 2008. Stimulus novelty and cognitive-related ERP
components of the infant brain. Percept. Mot. Skills 106:3–20.
Ackles, P. K., and K. G. Cook. 2007. Attention or memory?
Effects of familiarity and novelty on the Nc component of
event-related brain potentials in six-month-old infants. Int.
J. Neurosci. 117:837–867. doi: 10.1080/00207450600909970
Balcomb, F., N. S. Newcombe, and K. Ferrara. 2011. Finding
where and saying where: developmental relationships between
place learning and language in the first year.
J. Cogn. Dev. 12:315–331. doi: 10.1080/15248372.2010.544692
Bauer, P., S. A. Wiebe, L. J. Carver, J. M. Waters, and
C. A. Nelson. 2003. Developments in long-term explicit
memory late in the first year of life: behavioral and
electrophysiological indices. Psychol. Sci. 14:629–635.
Baumann, O., E. Chan, and J. B. Mattingley. 2010. Dissociable
neural circuits for encoding and retrieval of object locations
during active navigation in humans. Neuroimage 49:2816–
2825. doi: 10.1016/j.neuroimage.2009.10.021
Cichy, R. M., Y. Chen, and J. D. Haynes. 2011. Encoding the
identity and location of objects in human LOC. Neuroimage
54:2297–2307. doi: 10.1016/j.neuroimage.2010.09.044
De Haan, M. 2007. Visual attention and recognition memory
in infancy. Pp. 101–143 in M. De Haan, ed. Infant EEG and
event-related potentials. Psychology Press, East Sussex, UK
De Haan, M., and C. A. Nelson. 1997. Recognition of the
mother’s face by 6-month-old infants: a neurobehavioral
study. Child Dev. 68:187–210.
De Haan, M., and C. A. Nelson. 1999. Brain activity
differentiates face and object processing in 6-month-old
infants. Dev. Psychol. 35:1113–1121.
Duhamel, J.-R., F. Bremmer, S. BenHamed, and W. Graf.
1997. Spatial invariance of visual receptive fields in parietal
cortex neurons. Nature 389:845–848.
Flemming, L., Y. Wang, A. Caprihan, M. Eiselt, J. Haueisen,
and Y. Okada. 2005. Evaluation of the distortion of EEG
signals caused by a hole in the skull mimicking the fontanel
in the skull of human neonates. Clin. Neurophysiol.
116:1141–1152. doi: 10.1016/j.clinph.2005.01.007
Gogtay, N., T. F. Nugent III, D. H. Herman, A. Ordonez,
D. Greenstein, K. M. Hayashi, et al. 2006. Dynamic
ª 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. 735
A. H. van Hoogmoed et al. Infants’ Object Processing in Spatial Scenes
mapping of normal human hippocampal development.
Hippocampus 16:664–672. doi: 10.1002/hipo.20193
Goldman, D. Z., E. G. Shapiro, and C. A. Nelson. 2004.
Measurement of vigilance in 2-year-old children. Dev.
Neuropsychol. 25:227–250. doi: 10.1207/s15326942dn2503_1
Greenhouse, S. W., and S. Geisser. 1959. On methods in the
analysis of profile data. Psychometrika 24:95–112.
Hannula, D. E., and C. Ranganath. 2008. Medial temporal lobe
activity predicts successful relational memory binding. J.
Neurosci. 28:116–124. doi: 10.1523/JNEUROSCI.3086-07.2008
Haxby, J. V., B. Horwitz, N. G. Ungerleider, J. M. Maisog, P.
Pietrini, and C. L. Grady. 1994. The functional organization
of human extrastriate cortex: a PET-rCBF study of selective
attention to faces and locations. J. Neurosci. 14:6226–6353.
Hoehl, S., and S. Wahl. 2012. Recording infant ERP data for
cognitive research. Dev. Neuropsychol. 37:187–209. doi: 10.
1080/87565641.2011.627958
Hoehl, S., S. Wahl, C. Michel, and T. Striano. 2012. Effects of
eye gaze cues provided by the caregiver compared to a
stranger on infants’ object processing. Dev. Cogn. Neurosci.
2:81–89. doi: 10.1016/j.dcn.2011.07.015
Izard, V., G. Deheane-Lambertz, and S. Deheane. 2008.
Distinct cerebral pathways for object identity and number in
human infants. PLoS Biol. 6:e11. doi: 10.1371/journal
Jackson, M. C., H. M. Morgan, K. L. Shapiro, H. Mohr, and
D. E. Linden. 2011. Strategic resource allocation in the
human brain supports cognitive coordination of object and
spatial working memory. Hum. Brain Mapp. 32:1330–1348.
doi: 10.1002/hbm.21112
Jellema, T., G. Maassen, and D. I. Perrett. 2004. Single cell
integration of animate form, motion and location in the
superior temporal cortex of the macaque monkey. Cereb.
Cortex 14:781–790. doi: 10.1093/cercor/bhh038
Junge, C., A. Cutler, and P. Hagoort. 2012.
Electrophysiological evidence of early word learning.
Neuropsychologia 50:3702–3712. doi: 10.1016/j.
neuropsychologia.2012.10.012
Kaldy, Z., and A. M. Leslie. 2003. Identification of objects in
9-month-old infants: integrating “what” and “where”
information. Dev. Sci. 6:360–373.
Kaldy, Z., and A. M. Leslie. 2005. A memory span of one?
Object identification in 6.5-month-old infants. Cognition
97:153–177. doi: 10.1016/j.cognition.2004.09.009
Kaldy, Z., and N. Sigala. 2004. The neural mechanisms of
object working memory: what is where in the infant brain?
Neurosci. Biobehav. Rev. 28:113–121. doi: 10.1016/j.
neubiorev.2004.01.002.
Karrer, R., and L. A. Monti. 1995. Event-related potentials of
4-7-week-old infants in a visual recognition memory task.
Electroencephalogr. Clin. Neurophysiol. 94:414–424.
Key, A. P. F., W. Stone, and S. M. Williams. 2009. What do
infants see in faces? ERP evidence of different roles of eyes
and mouth for face perception in 9-month-old infants.
Infant Child Dev. 18:149–162. doi: 10.1002/icd.600
Kimura, M., A. Widmann, and E. Schroger. 2010. Top-down
attention affects sequential regularity representation in the
human visual system. Int. J. Psychophysiol. 77:126–134. doi:
10.1016/j.ijpsycho.2010.05.003
Krøjgaard, P. 2007. Comparing infants’ use of featural and
spatiotemporal information in an object individuation task
using a new event-monitoring design. Dev. Sci. 10:892–909.
doi: 10.1111/j.1467-7687.2007.00640.x
Lavenex, P., and P. Banta Lavenex. 2013. Building
hippocampal circuits to learn and remember: insights into
the development of human memory. Behav. Brain Res.
254:8–21. doi: 10.1016/j.bbr.2013.02.007
Leslie, A. M., F. Xu, P. D. Tremoulet, and B. J. Scholl. 1998.
Indexing and the object concept: developing ‘what’ and
‘where’ systems. Trends Cogn. Sci. 2:10–18.
Mareschal, D., and M. H. Johnson. 2003. The “what” and
“where” of object representations in infancy. Cognition
88:259–278.
Mareschal, D., K. Plunkett, and P. Harris. 1999. A
computational and neuropsychological account of
object-oriented behaviours in infancy. Dev. Sci. 2:306–317.
Munk, M. H. J., D. E. J. Linden, L. Muckli, H. Lanfermann,
F. E. Zanella, W. Singer, et al. 2002. Distributed cortical
systems in visual short-term memory revealed by
event-related functional magnetic resonance imaging. Cereb.
Cortex 12:866–876.
Nelson, C. A., and P. F. Collins. 1992. Neural and behavioral
correlates of visual recognition memory 4- and 8-month-old
infants. Brain Cogn. 19:105–121.
Nelson, C. A., K. M. Thomas, M. De Haan, and S. S.
Wewerka. 1998. Delayed recognition memory in infants and
adults as revealed by event-related potentials. Int. J.
Psychophysiol. 29:145–165.
Newcombe, N. S., J. Huttenlocher, A. B. Drummey, and
J. G. Wiley. 1998. The development of spatial location
coding: place learning and dead reckoning in the second
and third years. Cogn. Dev. 13:185–200.
Newcombe, N. S., J. S. Huttenlocher, and A. Learmonth. 1999.
Infants’ coding of location in continuous space. Infant
Behav. Dev. 22:483–510.
Oakes, L. M., S. Ross-Sheehy, and S. J. Luck. 2006. Rapid
development of feature binding in visual short-term
memory. Psychol. Sci. 17:781–787.
Oakes, L. M., I. M. Messenger, S. Ross-Sheehy, and S. J. Luck.
2009. New evidence for rapid development of color-location
binding in infants’ visual short-term memory. Vis. Cogn.
17:67–82. doi: 10.1080/13506280802151480
Oostenveld, R., P. Fries, E. Maris, and J. M. Schoffelen. 2011.
FieldTrip: open source software for advanced analysis of
MEG, EEG, and invasive electrophysiological data. Comput.
Intell. Neurosci. 2011:156869. doi: 10.1155/2011/156869
Op de Beeck, H., and R. Vogels. 2000. Spatial sensitivity of
macaque inferior temporal neurons. J. Comp. Neurol.
426:505–518.
736 ª 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
Infants’ Object Processing in Spatial Scenes A. H. van Hoogmoed et al.
Parise, E., A. Handl, and T. Striano. 2010. Processing faces in
dyadic and triadic contexts. Neuropsychologia 48:518–528.
doi: 10.1016/j.neuropsychologia.2009.10.012
Peltola, M. J., J. M. Leppanen, S. Maki, and J. K. Hietanen.
2009. Emergence of enhanced attention to fearful faces
between 5 and 7 months of age. Soc. Cogn. Affect.
Neurosci. 4:134–142. doi: 10.1093/scan/nsn046
Piekema, C., R. P. Kessels, R. B. Mars, K. M. Petersson, and
G. Fernandez. 2006. The right hippocampus participates in
short-term memory maintenance of object-location
associations. Neuroimage 33:374–382. doi: 10.1016/j.
neuroimage.2006.06.035
Pihlajamaki, M., H. Tanila, M. Kononen, T. Hanninen,
H. J. Aronen, and H. Soininen. 2005. Distinct and
overlapping fMRI activation networks for processing of
novel identities and locations of objects. Eur. J. Neurosci.
22:2095–2105. doi: 10.1111/j.1460-9568.2005.04380.x
Postma, A., R. P. Kessels, and M. van Asselen. 2008. How the
brain remembers and forgets where things are: the
neurocognition of object-location memory. Neurosci.
Biobehav. Rev. 32:1339–1345. doi: 10.1016/j.neubiorev.2008.
05.001
Reynolds, G. D., and J. E. Richards. 2005. Familiarization,
attention, and recognition memory in infancy: an
event-related potential and cortical source localization study.
Dev. Psychol. 41:598–615. doi: 10.1037/0012-1649.41.4.598
Reynolds, G. D., and J. E. Richards. 2009. Cortical source
localization of infant cognition. Dev. Neuropsychol.
34:312–329. doi: 10.1080/87565640902801890
Richards, J. E. 2003. Attention affect the recognition of briefly
presented visual stimuli in infants: an ERP study. Dev. Sci.
6:312–328.
Richards, J. E., G. D. Reynolds, and M. L. Courage. 2010. The
neural bases of infant attention. Curr. Dir. Psychol. Sci.
19:41–46. doi: 10.1177/0963721409360003
Richmond, J., and C. A. Nelson. 2007. Accounting for change
in declarative memory: a cognitive neuroscience perspective.
Dev. Rev. 27:349–373.
Roche-Labarbe, N., A. Aarabi, G. Kongolo, C. Gondry-Jouet,
M. Dumpelmann, R. Grebe, et al. 2008. High-resolution
electroencephalography and source localization in neonates.
Hum. Brain Mapp. 29:167–176. doi: 10.1002/hbm.20376
Schlesinger, M. 2006. Decomposing infants’ object
representations: a dual-route processing account. Conn. Sci.
18:207–216. doi: 10.1080/09540090600768740
Sereno, A. B., and J. H. R. Maunsell. 1998. Shape selectivity in
primate lateral intraparietal cortex. Nature 395:500–503.
Stets, M., and V. M. Reid. 2011. Infant ERP amplitudes
change over the course of an experimental session:
implications for cognitive processes and methodology. Brain
Dev. 33:558–568. doi: 10.1016/j.braindev.2010.10.008
Tanaka, K., H.-A. Saito, Y. Fukada, and M. Moriya. 1991.
Coding visual images of objects in the inferotemporal cortex
of the macaque monkey. J. Neurophysiol. 66:170–189.
Tremoulet, P. D., A. M. Leslie, and D. G. Hall. 2000. Infant
individuation and identification of objects. Cogn. Dev.
15:499–522.
Ungerleider, N. G., and J. V. Haxby. 1994. “What” and
“where” in the human brain. Curr. Opin. Neurobiol. 4:157–
165.
Ungerleider, N. G., and M. Mishkin. 1982. Two cortical visual
systems. Pp. 549–586 in M. A. Ingle, M. I. Goodale and
R. J. W. Masfield, eds. Analysis of visual behavior. MIT
press, Cambridge, MA.
Van Elk, M., R. Bousardt, H. Bekkering, and H. T. Van Schie.
2012. Using goal- and grip-related information for
understanding the correctness of other’s actions: an ERP
study. PLoS One 7:e36450. doi: 10.1371/journal.pone.
0036450
Van Hoogmoed, A. H., D. Van den Brink, and G. Janzen.
2012. Electrophysiological correlates of object location and
object identity processing in spatial scenes. PLoS One 7:
e41180. doi: 10.1371/journal.pone.0041180.g001
Wang, G., and D. Ren. 2013. Effect of brain-to-skull
conductivity ratio on EEG source localization accuracy.
Biomed Res. Int. 2013:459346. doi: http://dx.doi.org/10.
1155/2013/459346
Webb, S. J., J. D. Long, and C. A. Nelson. 2005. A
longitudinal investigation of visual event-related potentials
in the first year of life. Dev. Sci. 8:605–616.
Wilcox, T., and A. Schweinle. 2002. Object individuation and
event mapping: developmental changes in infants’ use of
featural information. Dev. Sci. 5:132–150.
Wilcox, T., J. A. Haslup, and D. A. Boas. 2010. Dissociation of
processing of featural and spatiotemporal information in the
infant cortex. Neuroimage 53:1256–1263. doi: 10.1016/j.
neuroimage.2010.06.064
Xu, F., and S. Carey. 1996. Infants’ metaphysics: the case of
numerical identity. Cogn. Psychol. 30:111–153.
Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Figure S1. Complete stimulus set in each environment.
Figure S2. Grand average waveform at Oz for all condi-
tions after onset of stimulus, showing onset and offset
visual evoked potentials.
Figure S3. Grand average waveforms at the five fronto-
central electrodes for the standard condition showing no
difference in amplitude when different number of trials
was included in the waveform. The blue line represents
the standard as used in the analysis. The red line repre-
sents the mean of all standards that were directly followed
by an odd stimulus. The green line includes every third
presentation of a standard followed by an odd stimulus,
to match the number of trials in the odd conditions.
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